Snow surfaces have unique energy-exchange characteristics, which need to be correctly represented in hydrological and climate models. An intensive field study was conducted in an open farm field in Tokachi, Hokkaido, Japan in which all energy exchange fluxes were monitored during the snowmelt period in 2004. Energy inputs to the snow surface was dominated by net radiation, which provided 75% of total input, while sensible heat contributed significant input on days with strong wind. Snowmelt consumed 80% of energy and evaporation consumed 20%. Sensible and latent heat had similar magnitude but opposite direction, meaning that sensible heat input was nearly cancelled by latent heat loss (i.e., evaporation). Therefore, the snowmelt rate was strongly controlled by net radiation. Compared to previous studies in northern Japan, very high daily evaporation rates, up to 2.2 mm d À1 , were observed during episodic events. High evaporation was caused by the foehn (Tokachi-kaze), characterized by warm, dry, north-westerly wind descending the eastern slope of the mountains. The foehn events were associated with major extratropical cyclones over the sea east, or northeast of Hokkaido. Historical analysis of daily climate data showed that similar high-evaporation events associated with the foehn are common in Tokachi, although the magnitude of the event in 2004 was exceptional. Estimated evaporation rates during the melt periods in 1997-2004 had an average of 0.24 mm d À1 , indicating that evaporation plays a relatively minor role in the overall water balance of the snowpack. However, latent heat flux plays a significant role in energy balance.
Introduction
The energy exchange at land surfaces is an important factor controlling the temperature and humidity of the lower atmosphere, and also has a major influence on the hydrologic cycle. Snow represents a unique surface that is distinctively different from other surfaces. Therefore, it is important to understand the snow processes, and develop their models for improving the land-surface schemes for climate models (Pomeroy et al. 1998) . In mid-to highlatitude regions of Japan and elsewhere, winter precipitation is stored in a snowpack and released over a relatively short time period in spring. In the Tokachi region of Hokkaido, Japan ( Fig. 1) , snowpack typically develops to a thickness of 0.6-0.8 m. The region is a major agricultural area producing wheat, potato, corn, sugar beat, and other crops. Snow management is an essential component of agriculture in this region, which requires an understanding of the processes controlling snowpack accumulation and melt. Energy exchange at snow surfaces could also be important for mesoscale weather modelling of this region, where extensive snow cover develops over a large area.
The snowpack energy balance can be written as
where Q m is the energy available for snow melt, dU/dt is the time derivative of internal energy, R n is net radiation (positive downward), G is ground heat flux (positive upward), H is sensible heat flux (positive downward), E is water vapour flux (kg m À2 s À1 , positive downward), L is latent heat of vaporization (¼ 2:49 Â 10 6 J kg À1 at 0 C), and Q p is the energy added to the snowpack by precipitation. All terms in Eq. (1) have a unit of W m À2 . Flux terms have positive sign in Eq. (1) when they are directed into snowpack, in accordance with a standard framework used by snow researchers (e.g., Etchevers et al. 2004) . In general Q p is negligible compared to other terms, and dU/dt becomes relatively small after the isothermal condition (0 C) is established in the snowpack. Therefore, the energy balance equation of isothermal snowpack can be simplified to:
Latent heat exchange may occur as evaporation/condensation, or as sublimation. Equation (2) treats LE as evaporation/condensation, while the extra energy associated with sublimation is lumped into Q m . In context of the present study, evaporation indicates total vapour flux from the snow surface. Numerous studies around the world have shown that R n provides the dominant energy input (e.g., Plü s and Mazzoni 1994; McGregor and Gellatly 1996; Cline 1997; Harding and Lloyd 1998; Pomeroy et al. 1998) , while many others have shown that H provides an equal or greater input (Moore and Owens 1984; Ishikawa et al. 1992; Marks and Dozier 1992) . The amount of evaporation during snowmelt is generally considered insignificant, because the vapour pressure gradient is directed downwards (condensation), or its magnitude is small even when it is upwards (Benguttson 1980) . Kojima (1979) conducted detailed energy balance studies in Sapporo and Moshiri (see Fig. 1 for location) in [1970] [1971] [1972] [1973] , and reported that 75-89% of energy input during the melt period was provided by R n , and the rest by H. Latent heat was generally negative (evaporation) and its magnitude was much smaller than H. Kojima et al. (1985) , with a few exceptions in mountain environments. Previous studies in mountains have reported high evaporation rates associated with wind speed and low humidity. Marks and Dozier (1992) reported a June monthly evaporation rate of 73 mm at an exposed ridge (elevation 3085 m) near Emerald Lake in California, U.S.A., where monthly average wind speed was 6.2 m s À1 . At another site near Emerald Lake, Leydecker and Melack (1999) recorded several episodic events in April, in which 3-4 mm d À1 of evaporation were observed under Chinook conditions characterized by warm, dry downslope winds. At an alpine site (3517 m) in Colorado, U.S.A., Cline (1997 Fig. 5b ) reported snow sublimation of approximately 20 mm during a 42-day snowmelt season, but high sublimation rates (>2 mm d À1 ) occurred during episodic events associated with a synoptic weather pattern termed Colorado Arch. At the same site, Hood et al. (1999) observed sublimation rates greater than 0.02 mm hr À1 , sustained for more than 24 hours during Chinook events. Moore and Owens (1984 Fig. 2 ) observed evaporation rates exceeding 2.5 mm d
À1 during a snowmelt period in an exposed cirque (1450 m) in New Zealand, and showed that the turbulent heat fluxes were significantly correlated with synoptic-scale weather parameters. The Chinooks observed in the aforementioned studies are examples of foehns, which are characterized by a warm, dry, downslope wind descending the lee side of mountains as a result of synoptic-scale, cross-barrier flow over the mountain range (Glickman 2000) . Snow evaporation exceeding 2 mm d À1 has not previously been reported in Hokkaido. However, foehn-like events in spring are not uncommon on the eastern slope of mountains. In the Tokachi region of Hokkaido, the foehn is given a local name 'Tokachi-kaze' (Arakawa 1969) , meaning the wind of Tokachi. We observed an evaporation rate exceeding 2 mm d À1 during a foehn event in Tokachi, suggesting that under certain conditions evaporation plays a much more significant role in snow energy balance than previously thought. Unlike previous reports recording high evaporation rates in the mountains, this study was conducted in an open agricultural field typical of the Tokachi region. Therefore, our findings may have important implications for agricultural snow management practices. The objective of this paper is to 1) describe the characteristics of snow energy balance at a typical site in the Tokachi region, 2) document the high-evaporation events caused by strong downslope winds, and 3) examine the frequency of occurrence of such events.
Study site and methods
The study was conducted in March-April 2004 at an experimental farm of the National Agricultural Research Center for Hokkaido Region (NARCH), located in Memuro, Hokkaido, Japan (42 53 0 N, 143 03 0 E; see Fig. 1 ). The study site was established in 2001 for detailed observation and analysis of hydrometeorology ) and soil water dynamics . The site has very low relief, and no vegetation was on the ground in the fall of 2003. The soil at the study site is derived from volcanic ash and has relatively high porosity (0.54-0.59). Meteorological instruments were installed in an open field between the rows of 18 to 20-m tall larch trees (Fig. 1) . Predominant wind direction during the study period was NNW to NW.
At the main meteorological station (Fig. 1 ) air temperature and relative humidity was measured with a Vaisala HMP45 sensor, and wind speed was measured with a three-cup anemometer (Met-One, 010C), both located 2.7 m above the ground surface. Long-and shortwave radiation was measured with a fourcomponent radiometer (Kipp & Zonen CNR1), located 1.5-m above the ground surface. Each radiation sensor on the CNR1 was calibrated using a higher-grade pyramometer (Kipp & Zonen CM21) and pyrgeometer (Kipp & Zonen CG4) . Expected accuracy of the calibrated CNR1 is within 10 W m À2 . The radiometers were heated to prevent condensation and frost on the sensor domes. Snow-surface temperature was estimated from outgoing long-wave radiation measured by CNR1 from Kirchhoff 's law and the Stefan-Boltzmann law, assuming a snow-surface emissivity of 0.99 for new snow having albedo > 0.8, and 0.97 for old snow having albedo < 0.8. The emissivity values were determined with the method of Kondo (2000, p. 71) using a radiometric thermometer (National ER-7000). When an estimated snow-surface temperature exceeded 0 C, it was set to 0 C. All measurements were made every 10 seconds using Campbell Scientific CR10X loggers and stored as 10-minute average values.
Snow depth and density were measured at the main meteorological station, using a 5-cm diameter snow tube on one-to four-day intervals. Snow depth was also monitored with a sonic ranger (Kaijo SL-340). The site had an overflow, tipping-bucket precipitation gauge (Japan Meteorological Agency RT-4) with a heated reservoir and wind shield. The data recorded by the RT-4 were used to estimate snowfall, even though the RT-4 may significantly underestimate actual snowfall (Ohno et al. 1998a, b) . Occasional snow surveys along north-south and east-west transects across the field indicated that snow was evenly distributed, except within 10 m of the tree rows. A photograph of the site was taken from the top of a four-story building located 450 m north of the site every day during the final stage of snowmelt, to document the patchiness of snow cover.
Ground heat flux was measured with a heat flux plate (REBS, HFT3) installed 2 cm below the ground surface. The rate of energy storage change in a soil layer above the flux plate was added to the flux plate reading to estimate the true heat flux at the ground surface (Mayocchi and Bristow 1995; Hirota et al. 2001) . Thermocouples were installed at 0.005 m, 0.02 m, and eight depths ranging from 0.05 to 0.7 m. Water content reflectometers (Campbell Scientific, CS615) were installed at eight depths corresponding to the thermocouples, and calibrated using soil core samples. Soil core samples were also used to determine dry bulk density. The storage change (DS, J m À2 ) in a soil layer is given by (Mayocchi and Bristow 1995; Hirota et al. 2001) :
where y is volumetric water content, r w (kg m À3 ) is the density and c pw (¼ 4180
is soil specific heat capacity, DT g is the change in soil temperature, and dz (m) is the thickness of the layer.
Turbulent fluxes were measured by the eddy covariance method (Brutsaert 1982, p. 190 ) using a Campbell Scientific system, consisting of a sonic anemometer (CSAT3), a krypton hygrometer (KH2O), and a data logger (CR23X). The eddy covariance system was located 50 m from the main meteorological station, downwind side of the predominant wind (Fig. 1) . The fetch distance to the tree row was approximately 80 m. The sensor height was adjusted several times during the observation period, so that the sensors stayed approximately 1.5 m above the snow surface. Assuming a roughness length of 2 mm (see the results below) and displacement height of a few centimeters, approximately 50% of the measured flux is contributed from the area within 80 m of the eddy covariance system under the neutral stability condition (Schuepp et al. 1990, Eqs. 6 and 9) . The frequency of measurement was 10 Hz, and covariances were calculated for 30-minute periods. Anemometer data were discarded when the measurements failed more than a few thousands out of 18,000 times within the 30-minute period. Hygrometer data were discarded when the measurements failed, or the voltage output from the sensor dropped consid-erably below normal values. These resulted in frequent data gaps, mostly during snowfall events.
Archived data of Automated Meteorological Data Acquisition System (AMeDAS), and surface weather charts, were obtained from the Japan Meteorological Agency (JMA) and used to examine the synoptic weather conditions.
Results

Accuracy assessment of the eddy
covariance system In order to assess the accuracy of the flux plate, the G measured with the flux plate, corrected for the storage change above the plate, was compared against the G estimated calorimetrically from the rate of storage change (Eq. 3) in all soil layers down to 0.7 m (Hirota et al. 2001; Sauer 2002 ) during a frost-free period from April 27 to May 18, 2004. The flux was calculated for 30-minute intervals. The thermal gradient between 0.6 and 0.7 m was consistently downward and steadily increased from 1.5 K m À1 on April 27, to 5.1 K m À1 on May 18, while the soil thermal conductivity is estimated to be 0.4-0.6 W m À1 K À1 , based on the analysis of diurnal temperature fluctuation (Horton 2002) . Therefore, the 'leakage' of energy below 0.7 m is expected to be 3 W m À2 or less, which is much smaller than 30-minute values of G (Fig. 2) . The flux-plate G, and the calorimetric G were strongly correlated ðr 2 ¼ 0:94Þ, with a slope of 0.89 (Fig. 2) . The ground heat flux used in the following analysis is given by multiplying the flux-plate G with a factor of 0.89.
Energy balance closure is commonly used in the literature to evaluate the accuracy of eddy covariance systems (Wilson et al. 2000) . Energy balance was calculated in this study during a snow-free period (April 9-16, 2004) to avoid the complications associated with phase changes within snowpack. The energy balance equation during the snow-free period is written as:
Energy balance is said to be closed when measured R n þ G is equal to measured ÀðLE þ HÞ. Suspected periods of soil frost were excluded from the analysis, because it was impossible to quantify the effects of freezing and thawing. There were three such periods, 10-12 hours in length, characterized by surface temperature below 0 C, and 0.05-m soil temperature below 1 C. The bulk Richardson number, an indicator of atmospheric stability, in this study is defined by (Moore 1983 
where g (¼ 9:8 m s À2 ) is the gravitational acceleration, T a (K) is air temperature, T s (K) is surface temperature, z (m) is the height of measurement, and u (m s À1 ) is wind speed. Under stable conditions, having Ri greater than 0.2-0.25, turbulence is presumed to cease and the flow becomes laminar (Andreas 2002) . During this period, Ri mostly ranged between À0.5 and 0.5 with 82% of data points occurring between À0.2 and 0.2, indicating near neutral conditions. The magnitude of LE þ H was consistently lower than the magnitude of R n þ G (Fig. 3) with an average ÀðLE þ HÞ/ðR n þ GÞ of 0.71. This finding is similar to numerous cases reported in the literature (Twine et al. 2000; Wilson et al. 2002) . The discrepancy cannot be explained by errors in R n and G measurements, which are expected to be much smaller than the observed discrepancy. The ÀðLE þ HÞ/ðR n þ GÞ did not have obvious correlation with Ri, or with wind direction. The study site was very flat and had no vegetation except for the tree rows. We conclude that the eddy covariance method had a tendency to underestimate the magnitude of LE or H or both at this site under snow-free conditions, although we could not find a convincing explanation for the observed energy imbalance. Some authors suggest that turbulent flux terms be adjusted to force the energy balance closure (Twine et al. 2000) . In the following analysis, however, turbulent flux data will be used without energy-balance correction because our field instruments did not give us sufficient information to evaluate dU/dt and Q m (Eq. 1) on 30-minute intervals. The energy balance will be checked for a longer time period by comparing the predicted Q m against measured Q m .
Calculation of bulk transfer coefficients
Malfunctioning instruments caused data gaps in the eddy covariance measurements during some precipitation events. Out of 2100 data points in 44 days of operation, 23% had LE data missing and 6% had H data missing. The bulk transfer method is used to fill these data gaps. Turbulent fluxes are given by:
where r a (kg m À3 ) is the density, and c p (J kg À1 K À1 ) is the specific heat of air, C H and C E are dimensionless transfer coefficients, q s is the specific humidity at the surface, and q a is the specific humidity of air. Transfer coefficients are usually estimated from theoretical or empirical formulas. In this study the coefficients are directly determined using measured flux data.
The atmospheric surface layer is often stably stratified over snow surfaces. The transfer coefficients are considered to be dependent on the degree of atmospheric stability, which is commonly expressed using the Obukhov length, L O , and a stability parameter, z (Andreas 2002)
where kð¼ 0:4Þ is the von Ká rmá n constant. The friction velocity, u Ã , is given by
where t 0 is the shear stress at the surface, calculated from the momentum flux measured with the eddy covariance system (Brutsaert 1982, p. 54) . Positive z indicates stable conditions with the degree of stability increasing with z, and negative z indicates unstable conditions. From the flux data collected between March 6 and April 5, we selected 200 data points for which T a > 274 K and R n > 100 W m À2 , indicating melting at the snow surface. The study site was completely covered by snow until the morning of April 6, when patches of bare ground started to appear. The flux data are plotted against the driving variables, Àr a c p C H uðT s À T a Þ and Àr a LC E uðq s À q a Þ, that were calculated assuming T s ¼ 273:15 K and q s ¼ 0:00376, corresponding to saturation (Pomeroy et al. 1998) . Data points are stratified according to z, but there are no obvious differences in the slope of points with respect to z (Fig. 4) . Therefore, a single line is fitted to all data points using the least-squares method (Fig. 4) :
The slopes may be considered the bulk transfer coefficients (Eqs. 6 and 7); C H ¼ 1:7 Â 10 À3 and C E ¼ 2:7 Â 10 À3 . These values will be compared against previously reported values in the discussion below. Equations 11 and 12 will be used to estimate turbulent fluxes for missing data points in the following analysis.
Daily energy fluxes over the snow surface
The eddy covariance system was installed on March 3, 2004. Low air temperature kept the snow from melting (Fig. 5a ) until daily average temperatures reached above 0 C on March 11 (Fig. 5b) . A series of thermocouples installed in the snowpack indicated that the isothermal condition was established on March 11. The snowpack thickness was 80 cm and the snow water equivalent (SWE) was 233 mm on March 12, 9 : 00 (Fig. 5a ). Daily average net radiation fluctuated between days, but it gradually increased during the melt period (Fig. 5c) . Daily average ground heat flux (data not shown) was 2.9 W m À2 (upward) on March 3 and gradually decreased to 1.7 W m À2 on April 7. Sensible heat flux was mostly positive, and latent heat flux was mostly negative (Fig. 5c) . The magnitude of turbulent fluxes was strongly correlated with wind speed (Fig. 5b) . Net radiation generally provided the majority of energy input, but sensible heat was comparable to, or greater than, net radiation on windy days (Fig. 5c) .
Four precipitation events were recorded by the gauge during March 12-April 7, two of which were snowfall events. Two others were minor rain events (2-3 mm). A major snowfall event on April 2-3 added 24 mm of SWE to the snowpack, based on the density and depth measurements before and after the event. Direct measurements of SWE were not available for a relatively minor snowfall event on March 25-26. Therefore, precipitation recorded by the gauge (2 mm) is used for this event even though it may underestimate the actual precipitation. The total SWE added by the two snowfall events was estimated to be 26 mm. Therefore, 259 mm (¼ 233 þ 26) of snow melted between March 12 and April 7, consuming 86.5 MJ m À2 of energy (Table 1 ). Total energy input during March 12-April 7 was 113.9 MJ m À2 , while the total energy consumed by LE and Q m was 108.1 MJ m À2 ( Table 1 ). Noting that Q m was calculated from water balance, independent of energy flux measurements, reasonably close agreement between energy input and output during this period suggests that our flux measurements did not cause significant bias in energy balance. However, noting that energy imbalance was observed during the snow-free period (Fig. 3) , and that LE and H had similar magnitude but opposite sign during the snowmelt period (Fig. 5) , it is possible that the magnitudes of LE and H were both underestimated by the eddy covariance system by a similar amount. The R n provided 75% of energy input during this period (Table 1 ). The majority (80%) of energy was used to melt the snow, while the rest was consumed by evaporation (Table 1) .
Latent heat flux on March 27 was À63 W m À2 , or equivalent to 2.2 mm d À1 of evaporation. This is almost twice as much as the maximum value of snow-surface evaporation previously reported in Hokkaido (Kojima et al. 1985) . Considering that turbulent fluxes may have been underestimated by 20-30% (Fig. 3) , actual evaporation could have been even higher than 2.2 mm d À1 . Evaporation on April 1, 1.8 mm d
À1 , was also much higher than previous values. Sensible heat flux on March 27 was high (69 W m À2 ), but not unusual compared to previous studies (Kojima 1979) . Large evaporation on March 27 and April 1 occurred during episodic events of high wind speed and temperature.
Episodic events of large turbulent fluxes
To investigate the nature of high evaporation events (Fig. 5c) , 30-minute average flux values are plotted for an eight-day period covering the two events (Fig. 6) . For the first event, wind speed started to increase around noon on March 26, and remained high until the end of March 28 (Fig. 6a) . Wind directions during . Air temperature increased with wind speed (Fig. 6b) , and vapour pressure decreased sharply in the late afternoon on March 26, and remained low until March 28 (Fig. 6c) . Clear sky prevailed on March 27 and 28, as indicated by net radiation data (Fig. 6d) . A spike of wind speed combined with high temperature around noon on March 26 caused a spike of sensible heat (Fig. 6e) , but latent heat did not spike, because vapour pressure was still moderately high ( Fig. 6f ) . High wind speed and temperature, and low humidity sustained large turbulent fluxes on March 27 and 28 (Figs. 6e and  6f ) . The high flux event was followed by two days of relatively calm weather. Minor rainfalls accompanied by fog occurred at night on March 29-30 and March 30-31, disrupting the eddy covariance system and causing data gaps (Figs.  6e and 6f ) . The second event started around noon on March 31, with an abrupt increase in wind speed (Fig. 6a) and temperature (Fig.  6b) , and decrease in vapour pressure (Fig. 6c) , which resulted in a spike in both sensible (Fig.  6e) and latent ( Fig. 6f ) heat flux. The peak wind speed of the second event was slightly lower than the first event (Fig. 6a ), but vapour pressure was comparable, causing a large magnitude of latent heat flux (Fig. 6f ) on April 1. Wind directions during this event changed gradually from 260-300 in the beginning, to 320-360 at the end. Synoptic weather conditions during the two events are characterized by a large pressure gradient, associated with an extratropical cyclone located east (March 27) or northeast (April 1) of the Hokkaido Island, and a highpressure system over the Honshu Island (Fig.  7) . Strong north-westerly, downslope winds prevailed over much of the Tokachi region from the mountain side to the sea (Fig. 8) . The humidity of air mass was low during the two events (Fig. 6c) . Temperature increased steadily at rates higher than the dry adiabatic lapse rate of 0.01 K m À1 (Fig. 9) as the air mass descended downslope. Correlation between temperature and elevation was very strong on March 27 and April 1 (r 2 > 0:92 and p < 0:0002, where r 2 is the coefficient of determination and p is the observed significance level), but was much weaker on days before, after, and between the events. Weather conditions on March 27, and April 1 had typical features of the foehn, although high lapse rates (Fig. 9 ) along the NW-SE transect (Fig. 1a) , may have been influenced by other processes in addition to adiabatic heating.
Discussion
Bulk transfer coefficients
Bulk transfer coefficients in this study were determined to be C H ¼ 1:7 Â 10 À3 , and C E ¼ 2:7 Â 10 À3 (Fig. 4) . Considering a possibility that the magnitude of turbulent fluxes was underestimated by the eddy covariance system ( Fig. 3) , actual values of transfer coefficients may have been 20-30% higher. Note that T a , q a , and u were measured 2.7 m above the ground surface, while snow depth changed from 0.8 m to 0, meaning that z ¼ 1:9 m in the beginning and 2.7 m at the end of melt. In previous snow studies in Japan, Ishikawa et al. (1982) reported C H ¼ 2:4 Â 10 À3 for z ¼ 1.2-1.5 m in Moshiri, Kojima et al. (1985) reported C H ¼ 1:7 Â 10 À3 and C E ¼ 3:1 Â 10 À3 for z ¼ 1 m in Moshiri and Sapporo, and Kondo and Yamazawa (1986) reported C H ¼ 2:0 Â 10 À3 for z ¼ 1 m in Miyagi Prefecture. Therefore, C H and C E in this study appear to be consistent with previous results. It is interesting to note that both our study and Kojima et al. (1985) found C E > C H . Lang et al. (1983) measured turbulent fluxes over an irrigated rice field in Australia using an eddy covariance system, and found that C H /C E G 1 when 0 < z < 0:02, but it decreased to 0.6-0.7 for 0:02 < z, similar to our results ðC H /C E ¼ 0:65). In our study 61% of the data points in Fig. 4 had 0:02 < z. Moore (1983) reported that there had been no conclusive field evidences in previous literature for or against the equality of C E and C H .
Numerous equations have been proposed to estimate transfer coefficients under stable conditions using Monin-Obukhov (M-O) similarity functions. Turbulent fluxes in the context of M-O theory are given by (Andreas 2002) :
where z 0 , z T , and z Q are the roughness lengths (m) for wind speed, temperature, and humidity, respectively; and the dimensionless function cðzÞ is given by:
Of several published forms of fðzÞ, Andreas (2002) recommended Holtslag and de Bruin (1988) :
Note that Andreas (2002) assigned positive signs for the flux away from snow, while we assigned positive signs for the flux into snow. It follows from Eqs. 5, 6, 8, and 16 that cðzÞ ! 0 as Ri ! 0. Therefore, when Ri G 0, z 0 , z T , and z Q can be calculated from measured fluxes and other variables assuming cðzÞ ¼ 0 in Eqs. 13-15. Of the 200 data points shown in Fig. 4 , we selected 47 points that had 0 < Ri < 0:01. Average roughness lengths for these points were z 0 ¼ 2:0 mm, z T ¼ 0:0056 mm, and z Q ¼ 0:28 mm. Moore (1983) reviewed the previous literature on z 0 over melting snow, and reported that the values mostly ranged from 1 mm, corresponding to smooth snow, to 5 mm for drifted or sun-cupped snow. There are few previous reports on z T and even fewer on z Q . Andreas (2002) showed that z T /z 0 and z Q /z 0 generally decreased as the roughness Reynolds number R Ã (¼ u Ã z 0 /n, where n is the kinematic viscosity of air) increased. Of our 47 data points, 80% had R Ã ranging between 10 and 100. Andreas (2002) suggested that z T /z 0 may be as low as 0.002 in this R Ã range.
It follows from Eqs. 13-15 that (Andreas 2002) : Substituting the calculated roughness lengths, z ¼ 2:3 m, and z ¼ 0:094 (average values over the study period) into Eq. 18 gives C H ¼ 1:6 Â 10 À3 and C E ¼ 2:2 Â 10 À3 ; and z ¼ 0 gives C H ¼ 1:8 Â 10 À3 and C E ¼ 2:5 Â 10 À3 . The C H and C E determined from the eddy covariance data are consistent with these theoretical values, but they may be somewhat higher if corrected for the energy imbalance.
The inequality between z T /z 0 and z Q /z 0 , and hence between C H and C E , may be related to conditions specific to melting snow surfaces. For example, a temperature maximum is known to occur at a short distance (10-50 cm) above the surface of melting snow due to radiation heating (Halberstram and Schieldge 1981) , which may result in an erroneous estimate of temperature gradient, or even a wrong direction of flux (Pomeroy et al. 1998) . A substantial number of points in Fig. 4a had negative (upward) H while measured T a À T s was positive (downward gradient), indicating that a temperature maximum may have existed between the snow surface and the temperature sensor.
Frequency of occurrence of highevaporation events Snow evaporation exceeding 2 mm d
À1 has not been previously observed in Hokkaido (Kojima 1985) , but the previous studies were conducted on the western part of the island (Fig.  1 ). We will use the historic daily climate data collected at the Meteorological Tower (Fig. 1) to examine if the large evaporation on March 27 and April 1 were anomalous events. Daily average air temperature, relative humidity, wind speed, and snow depth are used in the analysis. Sensor heights were 10 m for wind speed, and 1.5 m for air temperature and relative humidity. The data collection started in the fall of 1996.
To establish a method to estimate evaporation from the Tower data, measured LE is plotted against r a Luðq s À q a Þ calculated from the Tower data for a period from March 11 to April 5, 2004 (Fig. 10) . This time period is chosen because snowpack was mature and uniformly distributed over the study area. The daily average temperature varied between À7.5 and 2.5 C during this period (Fig. 5b) . Since snow surface temperature was not available, q s was calculated assuming saturation and T s ¼ 0 C for the days with T a > 0 C, and T s ¼ T a for the days with T a < 0 C. The straight line in Fig. 10 is
The slope of Eq. 19 is much smaller than that of Eq. 12 because the former probably overestimated the actual surface humidity when surface temperature was significantly below 0 C. The difference in wind sensor heights also contributed to the difference in the slope to some degree. Due to the empirical nature of Eq. 19, it is applicable only to a period of mature snowpack, which generally maintains T s G 0 C during daytime. Equation 19 is applied to the periods from March 1 to April 10 of 1997-2004 on those days that 1) were after the onset of melt, 2) had snow on the ground, and 3) had a daily average temperature above À7 C (Fig.  11) . The onset of melt was assumed to be the first day in which daily average temperature was near or above 0 C, and snow depth decreased by more than a few cm. Figure 11 shows that the evaporation rates for the two events in 2004 indeed were the two highest values during the 8-year period. However, evaporation rates exceeding or close to 1 mm d À1 also occurred on April 1, 1997 , March 28, 2001 , and March 28, 2002 . All three events were associated with strong north-westerly Negative values in Fig. 11 indicate condensation. The magnitude of condensation flux was relatively small, with an average of 0.10 mm d
À1 and a maximum of 0.14 mm d À1 . Average LE for each year ranged from À9.5 W m À2 in 2004 to À4.3 W m À2 in 1999, and the average for all data points in Fig. 11 was À7.0 W m À2 or evaporation of 0.24 mm d À1 . This magnitude is insignificant compared to a typical rate of snowmelt (e.g., 10 mm d À1 in 2004). Therefore, evaporation is expected to play a minor role in the water balance, but its role in the energy balance is more important (Benguttson 1980) . Latent heat flux effectively cancels the contribution of sensible heat flux (Fig.   Fig. 11 . Snow-surface evaporation at the Memuro site, estimated with Eq. 18 for 1997-2003 and measured for 2004. 5c) so that large sensible heat inputs on the days with strong winds do not result in large snowmelt. As a result, the rate of snowmelt in this region is essentially controlled by net radiation. For example, a very strong correlation ðr 2 ¼ 0:95Þ was observed between R n and Q m in 2004.
4.3 Mesoscale characteristics of the foehn events The foehn events on March 26-28 and March 31-April 1 sustained high wind speed for multiple days and were associated with major extratropical cyclones. The spring foehn events in this region are known to cause damage to houses and crops, and are given a local name of Tokachi-kaze (Arakawa 1969) . Tokachi-kaze refers to a strong wind descending down the eastern slope of the Hidaka Mountain Range; it is commonly observed in winter to early spring (March-May), when the synoptic weather condition is characterized by a west-to-east pressure gradient, and the winter monsoon (Masatoshi Ohashi, Sapporo District Meteorological Observatory, personal communication). Typical Tokachi-kaze events have a strong diurnal periodicity; very windy during daytime and relatively calm during nighttime (Arakawa 1969 ,  Fig. 30 ). The foehn events observed in this study may be regarded as atypical cases of Tokachi-kaze without a clear diurnal pattern (Fig. 6a) . The exceptional magnitude of evaporation for the two events in 2004 (Fig. 11) is probably a result of the sustained high wind speed during day and night.
The cyclones shown in Fig. 7 are examples of 'explosive cyclones' that develop rapidly over the oceans (Roebber 1984 indicating that the depressing rate of pressure was largest, and the cyclone developed to the mature stage during the foehn events. The 850-hPa charts on March 27 and April 1 (data not shown) show the warm-core seclusion within the cold air mass, corresponding to Stage IV of the Shapiro and Keyser (1990, Fig. 10.27) model of extratropical cyclone. The Shapiro and Keyser (1990) model was based on the observation of cyclones over the Atlantic east of North America, but the model is also applicable to the Pacific east of Japan (Tsumura and Yamazaki 2005) . The two areas represent the regions with most frequent development of explosive cyclones in the world (Sanders and Gyakum 1980) . Nakamura (1992) showed that cyclonic activities on the Pacific side of Japan is weakened during midwinter, when the westerly jet is most intense, and the peak activity occurs in spring and autumn. The cyclones that caused the foehn events were generated when the winter monsoon became weak and cyclonic activities intensified.
Conclusions
All components of snow-surface energy exchange were measured during the snowmelt period of 2004 in an open farm field in Tokachi, Japan. Energy inputs to the snow surface were dominated by net radiation providing 75% of total input, while sensible heat contributed significant input on the days with strong wind. Snowmelt consumed 80% of energy and evaporation consumed 20%. Sensible and latent heat had similar magnitude but different direction, meaning that sensible heat input was nearly cancelled by latent heat loss (i.e., evaporation). Therefore, the energy available for snowmelt was strongly controlled by net radiation. This is a unique characteristic of Tokachi in contrast to previous studies in Moshiri and Sapporo, located in the western part of Hokkaido, where the magnitude of latent heat was much smaller than that of sensible heat. These previous studies reported daily snow-surface evaporation rates of 0.3-0.4 mm d À1 , with a maximum of 1.2 mm d À1 . Much higher evaporation rates, up to 2.2 mm d À1 , were observed in this study during the foehn events characterized by warm, dry, north-westerly wind descending the eastern slope of the mountains. Considering that turbulent fluxes may have been underestimated by the eddy covariance system, actual evaporation rate could have been even higher. The foehn events were associated with major extratropical cyclones over the sea east, or northeast, of Hokkaido. The cyclones developed rapidly with the warm-core seclusion, and are considered an example of explosive cy-clones. Historical analysis of daily climate data showed that similar high-evaporation events associated with the foehn are common in Tokachi, although the magnitude of the event in 2004 was exceptional. Estimated evaporation rates during the melt periods in 1997-2004 had an average of 0.24 mm d À1 , indicating that evaporation plays a relatively minor role in the overall water balance of the snowpack.
